Objective: To prospectively determine if tortuosity assessment by a computer program (ROPtool) that traces retinal blood vessels and measures their tortuosity was more accurate than that of individual pediatric ophthalmologists.
Conclusion:
Computer-assisted analysis of retinal images can potentially reduce subjectivity in the diagnosis of plus disease and optimize timing of follow-up and treatment for ROP.
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P LUS DISEASE IS DEFINED IN THE
International Classification of Retinopathy of Prematurity (ICROP) as being present when "the vascular changes are so marked that the posterior veins are enlarged and the arterioles tortuous." 1(p1132) The Cryotherapy for Retinopathy of Prematurity (CRYO-ROP) study introduced the concept of a standard photograph representing the minimum acceptable abnormality required for plus disease. 2 In the Supplemental Therapeutic Oxygen for Prethreshold Retinopathy of Prematurity (STOP-ROP) study, it was required that at least 2 quadrants of abnormal dilation and tortuosity of the central posterior retinal blood vessels be present to diagnose plus disease. 3 The international committee that revisited ICROP defined pre-plus disease as "vascular abnormalities of the posterior pole that are insufficient for the diagnosis of plus disease but that demonstrate more arterial tortuosity and more venous dilatation than normal." 4(p995) The presence of plus disease is a marker for severe disease, and it is one of the most important prognostic indicators in retinopathy of prematurity (ROP). 2, 4, 5 In the CRYO-ROP study, 18 of 29 eyes (62%) with stage 3 and plus disease at 33 to 34 weeks' postmenstrual age had an unfavorable anatomical outcome, compared with only 1 of 31 eyes (3%) with stage 3 but without plus disease at the same age. 2 The presence or absence of plus disease is now the primary factor in determining whether an infant with ROP requires laser treatment, since plus disease is the major criterion for type 1 ROP. 6 The international committee that revisited ICROP reaffirmed that "the minimum standard for plus disease is more important than ever in determining which infants should be treated for retinopathy of prematurity." 7(pp1669-1670) However, it can be very difficult to judge the degree of vascular change present in an infant's posterior pole. Freedman and associates 8 found that 3 principal investigators in the CRYO-ROP study disagreed on the presence or absence of plus disease in 29 of 72 retinal images (40%). Therefore, even for experts, the assessment of the amount of retinal vascular abnormality is often an educated guess. This underscores the potential value of a mechanism to more consistently and accurately quantify retinal vascular dilation and tortuosity in infants with ROP.
In response to this problem, there has been much interest in recent years in measuring as accurately as possible the degree of blood vessel dilation and tortuosity. We have developed a computer program that automatically traces selected retinal blood vessels, measures the tortuosity of each vessel in comparison with the standard photograph of plus disease, and calculates whether an eye has sufficient tortuosity for plus disease. This technology was first applied to the measurement of cerebral vessel dilation and tortuosity in angiograms. 9, 10 We recently piloted the newest version of this program (now called ROPtool), and we found that its tortuosity measure was equal to or better than determination of tortuosity sufficient for plus disease by investigator judgment. 11 The measurement of dilation was disappointing in that ROPtool did not consistently discriminate between dilation that was or was not sufficient for plus disease as judged by 2 experts. The purpose of the present study was to assess the validity of ROPtool's measurement of vascular tortuosity by analyzing a much larger image set than in our pilot study. We hypothesized that ROPtool's determination of the presence or absence of tortuosity sufficient for plus disease would be superior to judgment by individual pediatric ophthalmologists.
METHODS
Six pediatric ophthalmology colleagues of one of us (D.K.W.) were asked to participate in the study. Three of them were certified investigators in the Early Treatment for Retinopathy of Prematurity Study and considered by us to be ROP experts based on their extensive ROP experience. The other 3 pediatric ophthalmologists (the "examiners") had performed approximately 1000, 7000, and 10 000 ROP examinations, respectively. The study was designed to challenge the accuracy of the examiners individually vs ROPtool, and judgment of the experts was considered to be the reference standard for comparison.
RetCam photographs of the posterior retina of 190 different eyes of 117 premature infants were collected. This number was based on a priori sample size calculations. Our institutional review board granted an exemption because none of the infants could be identified from the retinal images. The sample was enhanced to include a larger proportion of images with plus disease and pre-plus disease than would normally be encountered during routine screening examinations, including as many images as possible with "borderline" plus disease. Some images came from photographic databases of previously published studies done elsewhere, 12, 13 and some images were from teaching files. Most images were very high quality and in sharp focus, with only a few images slightly blurred or decentered.
Adobe Photoshop (Adobe, San Jose, California) was used to crop each image in the shape of a circle centered on the optic nerve, which approximated the view seen with a 28-diopter lens (Figure 1) . This is the typical view of the posterior retinal vessels that is initially seen on examination and used to assess the presence or absence of plus disease, although it is a wider field of view than that seen in the standard photograph of plus disease. 2 Cropping the RetCam images in this manner ensured that all ophthalmologists and ROPtool used the same view and extent of the retina to judge tortuosity sufficient for plus disease and that more peripheral findings, such as stage 3 disease, did not influence this judgment. The cropped images were randomly ordered and distributed to the 6 ophthalmologists for grading. The same images were analyzed by ROPtool ( Figure 1 ) using a method previously reported. 11 The one of us (D.K.W.) who operated ROPtool was masked to the grades of the other ophthalmologists. He attempted to identify and click on the major arteriole and venule in each of the 4 quadrants, and tortuosity of both arterioles and venules were usually included.
All 6 pediatric ophthalmologists were informed about the general purpose of the study, reminded of the definition of plus disease, and sent a copy of the standard photograph of plus disease as well as examples of plus disease and pre-plus disease from the ICROP revisited publication. 4 Each ophthalmologist then independently scored each quadrant of each image by grading tortuosity and dilation separately (8 total grades per eye) as plus, pre-plus, or normal. These scores were used to generate both quadrant-level and eye-level data. Eye-level grades were based on a combination of the quadrant-level grades for each image. For example, an eye-level grade of tortuosity sufficient for plus disease was present if at least 2 of the 4 quadrants in a single eye had tortuosity sufficient for plus disease.
The combined grades of the 3 experts were used to establish the reference standard judgment of tortuosity sufficient for plus disease (plus tortuosity) for each image. When there was disagreement as to whether there was eye-level tortuosity sufficient for plus disease, the expert who was the outlier was asked to reconsider the image. Those images for which disagreement still existed were discussed on a conference call among the experts. Expert grades for eye-level determination of tortuosity sufficient for pre-plus disease (pre-plus tortuosity) or for quadrant-level determination of tortuosity sufficient for plus or pre-plus disease were not adjudicated, since they were not primary outcome measures.
The grades assigned to the images by the examiners were used to test the primary hypothesis that the computer program (ROPtool) was more accurate than an individual exam- iner in determining the presence or absence of tortuosity sufficient for plus disease. No examiner grades were adjudicated, since each examiner's grades were compared separately to expert consensus.
DATA ANALYSIS
"Tortuosity index" measured by ROPtool was defined as the vessel tortuosity divided by the average tortuosity of the standard photograph of plus disease 2 multiplied by 10. Therefore, a vessel with a tortuosity index of 15 had 50% more tortuosity than the average tortuosity of the major blood vessels in the standard photograph. Based on results from our pilot study, 11 ROPtool's threshold for tortuosity sufficient for pre-plus disease was determined a priori to be a tortuosity index of 7 or greater. The plus disease threshold was set a priori to a tortuosity index of 9 or greater, because it was more accurate in our pilot study than the default value of 10 that corresponds to the average tortuosity of the vessels in the standard photograph of plus disease.
PRIMARY ANALYSIS
Sensitivity, specificity, and concordance (overall accuracy) were calculated in comparison with the reference standard for (1) ROPtool's assessment of tortuosity sufficient for plus disease and (2) judgment of each of the examiners individually. Sensitivity was calculated by dividing the number of true positives by the number of positives by the reference standard. Specificity was calculated by dividing the number of true negatives by the number of negatives by the reference standard. Concordance was calculated by dividing the total number of agreements (true positives plus true negatives) by the total number of images. To test the primary hypothesis, the concordance of each examiner was compared with the concordance of ROPtool. This hypothesis was tested 3 times, once for each examiner in comparison with ROPtool. Sensitivities and specificities of ROPtool were also compared with those of the examiners individually.
SECONDARY ANALYSES
Concordance, Sensitivity, and Specificity of ROPtool for Detecting Pre-Plus Disease
The methods used for the primary analysis were repeated for pre-plus tortuosity instead of plus tortuosity.
Comparison of Mean Tortuosities
Using quadrant-level data, the average of the 3 experts' grades of tortuosity were calculated. Since each quadrant was graded as plus (2), pre-plus (1), or normal (0), this calculation resulted in 7 possible mean values: 0.0, 0.3, 0.7, 1.0, 1.3, 1.7, and 2.0. For each of these mean expert values, the average ROPtool tortuosity measurement was calculated with corresponding 95% confidence intervals. These 7 values were also collapsed into 3 categories by rounding to the nearest integer (0, 1, and 2), and the average tortuosities were calculated for each of these 3 categories.
Receiver Operating Characteristic Curves
Receiver operating characteristic (ROC) curves were constructed to assess the overall value of ROPtool as a diagnostic tool and to determine the optimal thresholds, or cutoff points, for maximizing sensitivity and specificity. The ROC curves plot sensitivity on the y-axis and 1−specificity (the false-positive rate) on the x-axis. The various thresholds chosen to calculate sensitivity and specificity were all integers between 5 and 15, representing numbers higher and lower than the threshold of 9 used for plus tortuosity in this study. For each threshold value, we determined the sensitivity and specificity in the assessment of tortuosity sufficient for plus disease.
STATISTICAL ANALYSES
A sample size calculation for the primary outcome was done a priori. It was determined that 190 eyes from 95 infants were necessary to have 80% power to detect a significant difference (␣=.05) in examiner-expert concordance of 85% vs ROPtoolexpert concordance of 92.5%. We estimated that examiners would have 85% concordance (15% discordance), and a 50% relative reduction in discordance to 7.5% (92.5% concordance) was felt to be clinically significant.
Data were collected and analyzed in part using Microsoft Office Excel 2003 (Microsoft, Redmond, Washington), and some statistical analyses were done using SAS version 9.1 (SAS Institute Inc, Cary, North Carolina). Concordance, sensitivity, and specificity were estimated by assigning an equal weight to each eye. To account for possible dependency between eyes of each patient, a generalized estimating equation method with a working independent correlation model was used.
14 Mean tortuosities were compared using a t test. All P values were 2-sided. Although the study was not powered for a multiple testing adjustment, adjusted P values were calculated using the Bonferroni correction. The multiple testing adjustment was performed across 3 examiners for each variable (adjusted P=3ϫP).
Adjusted P values are reported only for the tests whose marginal P values were smaller than .05.
RESULTS
DESCRIPTION OF IMAGES
Of the 190 images, 5 (3%) were excluded from the primary eye-level analyses, 3 because of insufficient image quality and 2 because they were from the same eye of the same patient (on different days). Of the remaining 185 images, expert consensus was that 37 images (20%) had tortuosity sufficient for plus disease, 33 images (18%) had tortuosity sufficient for pre-plus disease but insufficient for plus disease, and 115 images (62%) had no abnormal tortuosity. There was unanimous agreement initially on the presence or absence of plus disease for 158 of the 185 images (85%), increasing to 168 (91%) after images were reconsidered by the expert outlier, and 17 (9%) of the images required adjudication. These 185 images came from 117 different patients, both eyes of 68 patients and one eye of 49 patients.
PRIMARY ANALYSIS
In comparison with expert consensus of eye-level tortuosity sufficient for plus disease, ROPtool had 175 agreements (95%) and 10 disagreements (5%) ( Table 1) . Concordance with expert consensus was similar for ROPtool and for the 3 examiners. However, when ROPtool had a disagreement with expert consensus, it overcalled tortuosity sufficient for plus disease in 9 of these 10 disagreements. Therefore, true tortuosity sufficient for plus (REPRINTED) ARCH OPHTHALMOL / VOL 125 (NO. 11), NOV 2007 disease was missed only once, resulting in a relatively high sensitivity of 97%. This sensitivity compared favorably with the sensitivities of examiner 1 (P Ͻ .001; P adjusted Ͻ.001), examiner 2 (P Ͻ.001; P adjusted=.002), and examiner 3 (P=.02; P adjusted=.06). Specificity was clinically similar among ROPtool and the 3 examiners, although specificity for 1 of the examiners was significantly better than specificity for ROPtool (Table 1) .
OTHER ANALYSES OF EYE-LEVEL DATA
The numeric threshold for tortuosity sufficient for plus disease of 9 tortuosity units was determined a priori based on pilot data, and it was used to test the primary hypothesis. When we tested different numeric thresholds (or cutoff points), we observed changes in the sensitivity and specificity of ROPtool. Fewer total disagreements with expert consensus occurred when the numeric thresholds were 10 (8 disagreements) or 11 (8 disagreements) instead of 9 tortuosity units (10 disagreements). However, these higher numeric thresholds improved specificity (fewer false positives) at the expense of lower sensitivities (more false negatives). This trade-off between sensitivity and specificity is shown by the ROC curve in Figure 2A .
The numeric threshold for tortuosity sufficient for preplus disease of 7 tortuosity units was also determined a priori based on pilot data. In comparison with expert consensus of eye-level tortuosity sufficient for plus or preplus disease, ROPtool had 87% concordance (161 of 185); concordance for the 3 examiners was 93% (171 of 185), 91% (169 of 185), and 90% (167 of 185), respectively. Figure 2B shows that 7 tortuosity units is a reasonably good threshold for tortuosity sufficient for pre-plus disease, but it also shows that a threshold of 7.5 would have resulted in higher specificity with only a small reduction in sensitivity. In addition, sensitivity increases slightly at values lower than 7 tortuosity units, but specificity drops off sharply (ie, there are many more false positives). Table 2 shows that the mean ROPtool quadrant tortuosity measurement increased as the mean expert grade increased. All of the differences between categories were statistically significant at the .05 level except for mean The quadrant-level ROC curve for tortuosity sufficient for plus disease confirmed that a tortuosity index of 9 was a good numeric threshold for plus tortuosity, with a sensitivity of 96% and specificity of 87% ( Figure 2C) . The quadrant-level ROC curve for tortuosity sufficient for pre-plus disease confirmed that a tortuosity index of 7 was a good numeric threshold for preplus tortuosity, with a sensitivity of 96% and specificity of 87% ( Figure 2D ).
ANALYSES OF QUADRANT-LEVEL DATA
COMMENT
In this study, ROPtool showed excellent sensitivity (97%) and specificity (94%) in the detection of tortuosity sufficient for plus disease when consensus of 3 ROP experts was considered to be the reference standard for comparison. Individual examiners also performed well in comparison with expert consensus, so there was not a statistically significant difference in overall concordance with experts between ROPtool (95%) and any of the individual examiners (93%, 93%, and 91%). However, ROPtool's 97% sensitivity in detecting tortuosity sufficient for plus disease compared favorably with that of the individual examiners who had sensitivities of 65%, 70%, and 81%. Specificity was similar between ROPtool (94%) and 2 of the examiners (99% and 93%), and 1 of the examiners had significantly better specificity (100%) than ROPtool.
The finding in this study that sensitivity of ROPtool compared favorably with that of individual examiners is important because high sensitivity is arguably the most desirable aspect of a diagnostic test for plus disease in ROP. High sensitivity means that there are very few cases in which plus disease exists and is not detected. It is important to miss as few cases of plus disease as possible to reduce the risk of delayed treatment and retinal detachment. High specificity, although desirable, is not as critical as high sensitivity in diagnosing plus disease. If one assumes that false positives are most likely to occur in cases that are "almost plus disease," many of these eyes will progress to plus disease and need treatment over the next few days or weeks. The relative value of sensitivity vs specificity has implications for choosing the appropriate numeric thresholds (cutoff points) for tortuosity sufficient for plus disease and for pre-plus disease. The ROC curves are particularly valuable for visualizing this trade-off between sensitivity and specificity (Figure 2 ). When ROPtool was first developed, the threshold for tortuosity sufficient for plus disease was 10 tortuosity units, because it was the average amount of tortuosity present in the standard photograph of plus disease. 2 After our pilot study, the threshold was adjusted to 9 tortuosity units and a preplus threshold of 7 tortuosity units was established. 11 The results presented herein confirm that 9 tortuosity units is an appropriate threshold for tortuosity sufficient for plus disease. Although using a threshold of 10 or 11 tortuosity units would have improved the overall concordance, it would have done so at the expense of decreasing sensitivity to an unacceptable level (ie, Ͻ90%). An important part of the continuing "training" of ROPtool will be to adjust these numeric thresholds as results are obtained from analyses of additional image sets.
It is initially counterintuitive that the mean tortuosities of quadrants with pre-plus and plus tortuosity were 9.9 and 19.1 tortuosity units, respectively (Table 2) , even though the numeric thresholds were only 7 for pre-plus tortuosity and 9 for plus tortuosity. This occurred because the range of tortuosity measurements in the study was 1.7 to 45.3 tortuosity units. Therefore, a few very high tortuosity measurements increased the mean value. In addition, 2 quadrants measuring 7 tortuosity units or greater were required for pre-plus tortuosity at the eye Figure 2. Receiver operating characteristic curves for ROPtool's detection of eye-level tortuosity sufficient for plus disease (A), eye-level tortuosity sufficient for pre-plus disease (B), quadrant-level tortuosity sufficient for plus disease (C), and quadrant-level tortuosity sufficient for pre-plus disease (D) in comparison with the consensus of 3 experts. The numbers represent different thresholds for tortuosity index, which are used to calculate ROPtool's sensitivity and specificity relative to expert consensus. For the primary analysis, a tortuosity index of 9 was chosen a priori as the threshold for plus tortuosity.
(REPRINTED) ARCH OPHTHALMOL / VOL 125 (NO. 11), NOV 2007 level (and 9 units for plus tortuosity). As a result, 1 quadrant with even a very high tortuosity was insufficient for eye-level preplus or plus tortuosity.
In addition to the primary analysis involving plus disease, this study looked at ROPtool's ability to distinguish eye-level tortuosity sufficient for pre-plus disease from normal. ROPtool did not perform quite as well when assessing tortuosity sufficient for pre-plus disease, as there were 24 disagreements with expert consensus (compared with only 10 disagreements for plus tortuosity). One possible reason for this observation is that expert consensus for tortuosity sufficient for pre-plus was not defined as rigorously as for plus disease because it was not the primary analysis. Consensus for pre-plus was based on majority opinion, and disagreements were not reconsidered by experts or adjudicated on a conference call. In addition, there is no standard photograph defining the minimum amount of tortuosity for pre-plus disease, so experts may not be well calibrated for diagnosing preplus disease. For these reasons, expert consensus for tortuosity sufficient for pre-plus may not have been as accurate as that for plus disease.
Other investigators have reported early success with computer-assisted or computer-automated quantification of dilation and tortuosity of posterior retinal vessels in infants with ROP. [15] [16] [17] [18] [19] [20] Heneghan and associates 18 used a general technique for segmenting out vascular structures in retinal images and characterizing the segmented blood vessels. Using images from 23 subjects, they reported a sensitivity of 82% and a specificity of 75% in the detection of plus disease. Swanson and associates 19 used Retinal Image multiScale Analysis (RISA), a semiautomated image analysis software package, to quantify the size and tortuosity of retinal blood vessels. They found that arteriolar tortuosity was associated with ROP severity, but no significant association was observed between ROP severity and venular and arteriolar diameters. Gelman and associates 16 applied an enhanced version of RISA that used their concept of integrated curvature to 32 eyes of 16 infants. They found that eyes with plus disease had vessels with significantly higher integrated curvature, diameter, and tortuosity than those without plus disease. The best diagnostic accuracy was observed with integrated curvature, as evidenced by curvature's area under the ROC curve that was greater than both dilation and tortuosity for both arterioles and venules. We do not directly compare our results with those of these investigators because they used different image sets and addressed different questions.
In this study, ROPtool's ability to measure tortuosity sufficient for plus disease was assessed, even though the diagnosis of plus disease depends on a minimum amount of tortuosity and dilation. ROPtool's dilation measurement is still in development, and it has been our experience that dilation is more difficult than tortuosity to accurately quantify.
11 This is primarily because the degree of change from normal to abnormally dilated is relatively small, as opposed to the relatively large change from a straight to a tortuous vessel. Detecting a small change in vessel width is limited by the number of pixels in a digital image. Even if these challenges are overcome and an accurate automated measure of dilation is developed, it is possible that it will add very little to the overall assessment of plus disease. Kylstra and associates 21 noted that computer-assisted determination of plus disease based on a minimum degree of tortuosity alone showed both excellent sensitivity (85%) and specificity (91%) when compared with evaluation by an expert. Also, if one assumes that abnormal dilation precedes tortuosity in most cases, then it is the development of a threshold level of tortuosity that usually triggers the diagnosis of plus disease. 22, 23 Once tortuosity is known, including dilation will change the overall assessment of plus disease only in cases when the vessels are tortuous enough for plus disease but not dilated enough for plus disease. In our experience, this scenario is relatively uncommon.
Plus disease was defined by ICROP as being present when the vascular changes are so marked that the posterior veins are enlarged and the arterioles tortuous. In this study, ROPtool was used to measure the tortuosity of both arterioles and venules for several reasons. First, it is not always possible to reliably differentiate between arterioles and venules in an image of a premature infant's retina. Second, as plus disease progresses from mild to severe, both the arterioles and the venules become dilated and tortuous. In the standard photograph of plus disease that was first used to calibrate ROPtool, both the arterioles and the venules are tortuous. Third, both arteriolar and venular tortuosities were quantified in ROPtool's pilot study, and these data were used to determine cutoff points for tortuosity sufficient for plus disease and for pre-plus disease for this study. Even when both arterioles and venules are tortuous, the arterioles are usually more tortuous than the venules, so using arterioles only would increase the tortuosity of each quadrant and would change these cutoff points. Fourth, it is not yet understood precisely which vessels are used by examiners when determining if plus disease is present, but it seems likely that dilation and tortuosity of all vessels are considered.
This study must be viewed in light of some limitations. First, there is no ideal method for determining the "truth" or "reference standard" with regard to the presence or absence of tortuosity sufficient for plus disease. a Three experts graded the tortuosity of each quadrant as 0=normal, 1 = pre-plus, and 2 = plus.
b P values are for differences between adjacent categories.
